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Disruption of Imprinted X Inactivation by
Parent-of-Origin Effects at Tsix
ectoderm (placental precursors) initiates inactivation
from 3.5 to 4.5 days postcoitum (dpc) and the primitive
endoderm (yolk sac) from 4.5 to 5.5 dpc (Monk and
Jeannie T. Lee*†‡
*Department of Molecular Biology
Massachusetts General Hospital
Harper, 1979; McMahon et al., 1983). After implantation,Boston, Massachusetts 02114
the imprint is erased in the epiblast lineage so that cells†Department of Genetics
giving rise to the embryo proper can undergo randomHarvard Medical School
X inactivation around 6.5 dpc (Rastan, 1982).Boston, Massachusetts 02114
Imprinted and random X inactivation share some
mechanistic features. Both are regulated by the X inacti-
vation center (Xic), a cis-acting region on the X chromo-Summary
some that orchestrates initiation and spread of silencing
(Rastan, 1983; Lee et al., 1996; Willard, 1996). Both formsIn marsupials and in extraembryonic tissues of placen-
also require the action of Xist (Brown et al., 1991; Brock-tal mammals, X inactivation is imprinted to occur on
dorff et al., 1992), a gene whose upregulation triggersthe paternal chromosome. Here, we find that imprinting
silencing in cis (Penny et al., 1996; Marahrens et al.,is controlled by the antisense Xist gene, Tsix. Tsix is
1997) and whose RNA product coats the inactive Xmaternally expressed and mice carrying a Tsix deletion
(Brown et al., 1992; Clemson et al., 1996). In preimplanta-show normal paternal but impaired maternal transmis-
tion mouse embryos, exclusive expression of the pater-sion. Maternal inheritance occurs infrequently, with
nal Xist allele underlies preferential inactivation of thesurviving progeny showing intrauterine growth retar-
paternal X chromosome (Kay et al., 1993) and inactiva-dation and reduced fertility. Transmission ratio distor-
tion is associated with high level Xist expression of antion results from disrupted imprinting and postimplan-
RNA isoform that decorates the inactive chromosometation loss of mutant embryos. In contrast to effects
(Panning et al., 1997; Sheardown et al., 1997). Whenin embryonic stem cells, deleting Tsix causes ectopic
a murine Xist deletion is inherited through the father,X inactivation in early male embryos and inactivation
heterozygous female embryos die after implantation asof both X chromosomes in female embryos, indicating
a result of poor extraembryonic tissue developmentthat X chromosome counting cannot override Tsix im-
(Marahrens et al., 1997). Therefore, as is the case forprinting. These results highlight differences between
random X inactivation, upregulation of the Xist gene isimprinted and random X inactivation but show that
central to initiation of imprinted X inactivation.Tsix regulates both. We propose that an imprinting
Important differences do exist between imprinted andcenter lies within Tsix.
random inactivation. First, while random X inactivation
is associated with CpG hypermethylation of genes onIntroduction
the inactive X, an association with methylation has not
been found for the imprinted mechanism (Kaslow andIn mammals, X inactivation achieves dosage compensa-
Migeon, 1987), a point that may explain why marsupialtion of X-linked genes in XX and XY individuals (Lyon,
tissues demonstrate a high frequency of X chromosome1961). Two forms of this mechanism have been described
reactivation (Migeon et al., 1989). Second, random Xin extant mammals (reviewed in Solter and Wei, 1997).
inactivation is subject to a zygotic X chromosome count-“Imprinted” X inactivation leads to preferential silencing
ing mechanism that measures the X-to-autosome ratioof the paternal X chromosome and is a process pro-
and allows only one X to remain active in a diploid ge-
grammed by the parental germline (Takagi and Sasaki,
nome (Rastan, 1983; Rastan and Robertson, 1985). A
1975; West et al., 1977; Latham, 1996). In contrast, “ran-
choice mechanism then selects one active and one inac-
dom” X inactivation is zygotically regulated and enables tive X in an XX cell (Ohno, 1969; Lyon, 1971; Lee and
individual cells of the developing embryo to determine Lu, 1999). In contrast, imprinted X inactivation is not
stochastically whether to silence the maternal or pater- subject to either mathematical or stochastic constraints.
nal X chromosome (Lyon, 1961). Although random X inacti- Pronuclear transplantation experiments in mice demon-
vation has obvious evolutionary advantages, the imprinted strate that XMXM gynogenones (“M” denotes maternal
form is believed to have evolved first (reviewed in Graves, origin) cannot undergo X inactivation or do so only after
1996). In Metatherians where X inactivation is thought a long delay (Kay et al., 1994; Latham, 1996). On the
to have originated, imprinted X inactivation occurs in all other hand, XPY and XPXP androgenones (“P” denotes
tissues (e.g., kangaroos, opposum). In Eutherians or the paternal origin) can inactivate all Xs present. Moreover,
so-called “placental mammals,” imprinting is recapitu- biparental embryos with supernumerary maternal Xs
lated only during early ontogeny. The paternal X is marked (e.g., XMXMXP) can only inactivate the single paternal X,
for inactivation in the preimplantation embryo and re- while those with supernumerary paternal Xs (e.g.,
mains so through the blastocyst stage. Extraembryonic XMXPXP) can inactivate both paternal Xs (Goto and Ta-
lineages arising during this time undergo preferential kagi, 2000). Thus, imprinted X inactivation bypasses zy-
inactivation of the paternal X as programmed: the troph- gotic counting and choice, responding instead to paren-
tally predetermined cues.
The resistance of early stage gynogenones to Xist‡ To whom correspondence should be addressed: (e-mail: lee@
molbio.mgh.harvard.edu). expression implicates the existence of a maternally ex-
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pressed factor which protects the XM chromosome from
imprinted X inactivation (Kay et al., 1994). So robust is
this protection that none of the XM chromosomes is
inactivated even when more than one XM chromosome
is present (Goto and Takagi, 2000). Recent studies raise
the hypothesis that this maternal factor is the primary
signal for imprinted X inactivation and that the mark is
acquired during the oocyte growth phase of meiosis
(Tada et al., 2000). In this hypothesis, paternal Xist ex-
pression and preferential XP inactivation would be the
default consequence of XM chromosome resistance to
inactivation.
Little is presently known about the nature of the puta-
tive maternal factor and how it leads to preferential pa-
ternal Xist expression during imprinted X inactivation.
Here, we address the potential role of Tsix, a gene that
is antisense to Xist and encodes an untranslated RNA
that spans Xist (Lee et al., 1999a). Several features point
to Tsix as a candidate regulator. First, antisense genes
are commonly found in imprinted regions (Moore et al.,
1997; Wutz et al., 1997; Rougeulle et al., 1998; Lee et
al., 1999b; Smilinich et al., 1999) and have been mecha-
Figure 1. Tsix Is Imprinted Oppositely of Xist and Is Maternally Ex-nistically implicated in imprinting (Wutz et al., 1997).
pressed in Preimplantation EmbryosSecond, imprinted genes nearly always occur in clus-
(A) Tsix and Xist expression from whole blastocysts was examinedters, with maternally imprinted loci lying alongside pater-
by strand- and allele-specific RT-PCR. Hybrid blastocysts were gen-nally imprinted genes (reviewed in Tilghman, 1999). Xist
erated by reciprocal crosses between M. m. musculus (mus) and
is an imprinted gene for whom an oppositely imprinted M. m. castaneus (cas) (by convention, maternal strain is noted first
partner has not been described. Because Tsix is a gene in cross designation). Within Tsix (primer pair “b” in Figure 2A), MnlI
with a prominent 59 CpG island, a hallmark of many digestion yielded a musculus-specific band at 198 bp (mus) and a
castaneus band at 151 bp (cas). Within Xist (primer pair “a” in Figure 2A),imprinted genes, we speculate that Tsix may itself be
ScrFI digestion yielded a musculus-specific band at 239 bp and aimprinted and may be Xist’s imprinted partner. This hy-
castaneus band at 173 bp. -RT controls against DNA contaminationpothesis is consistent with recent work suggesting that
are shown only for Tsix. The Xist and Rrm2 products cross exon-intron
Tsix expression is monoallelic in early mouse develop- boundaries. Rrm2, positive control. PBS, sample taken from final PBS
ment (Debrand et al., 1999). Third, the direct upstream wash of embryos to exclude maternal tissue contamination.
regulator of imprinting must be cis-acting, and Tsix satis- (B) DNA-PCR genotyping of embryos shown in (A). Zfy1 amplification
indicated the male sex. Amplification of D12mit154 (D12), a micro-fies this criterion (Lee and Lu, 1999). Finally, Tsix influ-
satellite marker on chromosome 12, indicated that blastocyst DNAences the choice of future active and inactive Xs by
was present in each sample (mus and cas showed length polymor-antagonizing Xist expression during random X inactiva-
phism).
tion (Lee and Lu, 1999; N. Stavropoulos et al., submitted).
Below, we test the role of Tsix during imprinted X
inactivation by creating mice carrying a targeted Tsix analysis (Figure 1A) and sexed by DNA PCR for the
deletion. We find that Tsix is indeed the oppositely im- Y-linked gene, Zfy1 (Figure 1B).
printed partner of Xist and provide evidence that Tsix The results shown in Figure 1 illustrate several points.
is the maternally expressed factor which protects the First, Xist expression was seen exclusively in XX em-
maternal X from imprinted inactivation. These results bryos and only from the paternal allele (Figure 1). Mater-
link the X inactivation center to other imprinted regions nal expression was not seen in XX or XY blastocysts
through a shared requirement for loci within nonsense even when an additional 30 cycles of PCR were included
and antisense RNA genes. (data not shown). This result agreed with prior studies
showing that imprinting leads to strict paternal expres-
sion in XX embryos and no expression at all in XY em-
Results bryos (Kay et al., 1993, 1994; Latham, 1996). In contrast,
Tsix was expressed in both XX and XY embryos during
Tsix Is Imprinted Oppositely of Xist preimplantation development, a stage when X inactiva-
To determine if Tsix is imprinted, we examined allelic tion had not yet occurred. This result is consistent with
expression of Tsix in preimplantation blastocysts (3.5 the previous report that Tsix is expressed in undifferenti-
dpc) by RT-PCR. Reciprocal crosses between mouse ated XX and XY embryonic stem (ES) cells which have
subspecies, Mus musculus musculus (C57BL/6J) and not undergone X inactivation (Lee et al., 1999a). How-
Mus musculus castaneus (CAST/Ei), yielded F1 blasto- ever, unlike in ES cells, Tsix expression was exclusively
cysts in which maternal and paternal transcripts could maternal and this parent-of-origin effect occurred re-
be distinguished by restriction fragment-length poly- gardless of whether the embryos were derived from a
morphisms (RFLP) within an RT-PCR fragment (N. Stav- musculus 3 castaneus or the reciprocal castaneus 3
ropoulos et al., submitted). Individual blastocysts were musculus cross (by convention, the maternal strain is
designated first) (Figure 1). Thus, Tsix and Xist bothsubjected to strand-specific Tsix and Xist expression
Parent-of-Origin Effects at Tsix
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demonstrated parent-of-origin effects but imprinting oc-
curred in an exactly opposite fashion.
Normal Paternal but Impaired Maternal
Inheritance of TsixDCpG
To determine if Tsix imprinting is functionally significant,
we generated mice carrying a targeted deletion of Tsix
(TsixDCpG) and performed reciprocal crosses to observe
possible parent-of-origin effects on TsixDCpG transmis-
sion. The TsixDCpG allele was used here because it deleted
a 3.7 kb CpG-rich domain at the 59 end of Tsix that
included the putative promoter and transcriptional start
site (Lee and Lu, 1999) (Figure 2A). ES cells harboring
the TsixDCpG allele had been previously created in an M.
m. musculus background (40XY, 129 strain, agouti coat
color). Here, male chimeric mice with greater than 90%
ES cell contribution were mated with wild-type female
C57BL/6J mice to establish F1 heterozygous females
(XMXPD; D designates the mutant X) (Figure 2B). Nearly
all pups were agouti, indicating that the paternal contri-
bution came almost exclusively from ES cells rather than
the C57BL/6J host cells. Of 85 agouti pups born, 41
were female and all 41 carried the TsixDCpG allele. None
of the 44 male pups carried the mutant allele. All pups
appeared phenotypically normal. These results indi-
cated that there was no bias against paternal TsixDCpG
transmission. Furthermore, since the chimeric male mice
were fertile, the CpG-rich domain of Tsix was not re-
quired for spermatogenesis in a cell-autonomous manner.
To examine the consequences of maternal inheri-
tance, we crossed F1 mutant females to wild-type
C57BL/6J males (Figure 2C; wild-type male siblings
were also used for crosses and yielded similar results).
There was no apparent sex ratio distortion, as 139 fe- Figure 2. TsixDCpG Shows Normal Paternal but Impaired Maternal
Transmissionmales were scored compared to 128 males (p . 0.05).
However, mutant F2 progeny were produced at only (A) Map of the mutant and wild-type Tsix loci. Only exons 2–8 of
Xist are shown. Asterisks represent locations of Xist (a), Tsix (b),15% of the expected frequency: 41 mutant and 226 wild-
and Neo (c) primer pairs used in this study.type pups were counted in total (p ,, 0.001), with XMDXP
(B) Normal paternal transmission in chimeric males. C57BL/6J fe-females and XMDY males being equally represented (22 male mice were crossed to XDY male chimeras and the total number
versus 19; p . 0.05). Litter sizes of mutant females were of F1 progeny are indicated. Agouti coat color indicated that paternal
approximately half those of wild-type females (Figure contribution came from mutant ES cells rather than C57BL/6J (black)
host cells.2F), consistent with loss of embryos bearing the XDchro-
(C) Impaired maternal transmission of TsixDCpG in the F2 generation.mosome in the mutant female crosses. Of mutant pups
F1 mutant females were crossed to wild-type males. The numbersborn, many were runted, fed poorly, and died within the
of wild-type (wt) and mutant (mut) F2 progeny are indicated.
first two weeks. Adult survivors weighed 8%–25% less (D) Impaired maternal transmission persisted in the F3 generation.
than wild-type littermates of the same sex (mean weight, F2 mutant females were crossed to wild-type males and the geno-
types of F3 progeny are indicated.85.4% of wild type; SD, 6.8%), but appeared otherwise
(E) Normal paternal transmission in the F3 generation.normal. These data revealed a TsixDCpG transmission ratio
(F) Reduced average litter sizes of XXD and XDX mothers (by conven-distortion specific to maternal inheritance.
tion, the maternal X is noted first). M, maternal. P, paternal. SD,
These parent-of-origin effects were recapitulated in standard deviation. Statistical significance of the mean (p) was de-
subsequent generations (Figures 2D–2F). F2 mutant fe- termined by comparing the mean of the wild-type cross to that of
males produced litters of only half those of wild-type, each mutant cross in an unpaired, heteroscedastic t-test.
and mutant pups were born at z10% of expected fre-
quency. The F3 mutants also weighed less than wild-
type littermates of the same sex (data not shown). In Transmission Ratio Distortion Results
contrast, F2 mutant males produced normal litter sizes from Postimplantation Lethality
and transmitted the TsixDCpG allele to daughters at the The transmission ratio distortion at Tsix could be ex-
expected 50% frequency with no apparent untoward plained by one of two possibilities. First, given Tsix’s
consequences. Thus, transmission ratio distortion was known role as an antagonist of X inactivation, Tsix could
observed across multiple generations and was seen only be required for X chromosome reactivation during oo-
genesis. Failure to X reactivate could lead to selectivethrough the maternal germline.
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20
Figure 3. XMDXP and XMDY Embryos Are Lost
during the Immediate Postimplantation
Period
(A) PCR genotyping of 10 blastocysts from a
representative XDX 3 XY cross (one litter).
Neo marked the TsixDCpG allele, Zfy1 desig-
nated male embryos, and D12mit154 (D12)
ensured that blastocyst DNA was present in
all samples. 1, positive control (CG7 genomic
DNA).
(B) Phase contrast micrographs of represen-
tative wild-type (wt) and mutant (mut) blasto-
cysts at 3.5 dpc. ICM, inner cell mass.
(C) PCR genotyping of nine 9.5 dpc embryos
from a representative XDX 3 XY cross (one
litter). PCR products and controls were as
described in panel (A).
(D) Photographs of select embryos from
panel (C). wt, wild-type embryo appropriate
for gestational age. mut1, developmentally
delayed mutant that resembled a 8.0–8.5 dpc
embryo (note that the trunk had not under-
gone axial rotation). mut2, degenerated mu-
tant with no recognizable features. Scale bar,
0.5 mm. All three embryos are shown at the
same scale.
loss of oocytes which carry an inactivated XD chromo- (Figures 3C and 3D), the differences between mutant
and wild-type embryos were immediately apparent uponsome. Alternatively, since X inactivation is imprinted in
early development, transmission distortion could result visual inspection. While wild-type embryos (Neo2, 3 out
of 9) showed size and morphology that were appropriatefrom disruption of imprinted X inactivation by a Tsix
deletion. In the first scenario, mutant embryos would be for gestational age, mutant embryos (Neo1, 6 out of 9)
exhibited mild to severe developmental delay. In theunderrepresented at the earliest stages of development.
In the alternative scenario, mutant embryos would be litter shown, two embryos demonstrated a 1.5–2.0 day
delay (mut1, Figure 3D) and four showed severe degen-equally represented in the preimplantation period (0–3.5
dpc) but would be lost after the time of implantation eration with no recognizable anatomic features (mut2,
Figure 3D). Structural anomalies were evident in both(4.0–5.0 dpc) when extraembryonic tissues undergo im-
printed X inactivation. To distinguish between these extraembryonic and embryonic components (data not
shown).possibilities, mutant females were crossed to wild-type
males, and embryos were isolated from the pre- and These embryological findings argued that the parent-
of-origin effects resulted from compromised develop-postimplantation periods to determine the relative rep-
resentation of mutant and wild-type progeny. ment during the immediate postimplantation period.
Given the time frame of embryo loss, the results sug-To obtain preimplantation embryos, pregnant mutant
females were sacrificed at 3.5 dpc and individual blasto- gested possible defects in placental development rather
than defects in oogenesis or ovulation. Although thecysts were collected for PCR genotyping. A total of 60
blastocysts were collected from eight pregnant females. vast majority of mutant embryos perished during this
time, rare mutant embryos could survive into late gesta-This yielded a mean “litter” size of 7.5 (range 3–13),
a size similar to that observed for wild-type crosses tion and evidently accounted for the few mutant pups
born to XDX mothers (Figure 2 and data not shown).performed in parallel (mean 6.5, range 4–10), and implied
that there was no quantitative defect in ovulation. Be-
cause the TsixDCpG locus was replaced by a Neo-resis-
tance marker during gene targeting, mutant embryos Disruption of Imprinted X Inactivation Caused
by Maternal Inheritance of TsixDCpGcould be distinguished from wild type by positive Neo
amplification (Figure 3A). The results indicated that 28 The loss of mutant embryos in the immediate postim-
plantation period was consistent with placental defectsmutant and 29 wild-type embryos were present at 3.5
dpc (3 were lost during DNA processing). Mutant and due to disruption of imprinted X inactivation. To test this
hypothesis, we compared Xist expression patterns inwild-type blastocysts were morphologically indistin-
guishable (Figure 3B), and males (Zfy1) and females wild-type and mutant embryos. Since Xist upregulation
provides a biochemical and a cytologic marker for X(Zfy2) were present in approximately equal numbers
(Figure 3A and data not shown). These findings demon- inactivation, we examined Xist expression by allele-spe-
cific RT-PCR and by fluorescence in situ hybridizationstrated that mutant and wild-type embryos were equally
represented and viable during preimplantation devel- (FISH) at a time when imprinted X inactivation occurs
in the trophectoderm of the late blastocyst.opment.
Postimplantation embryos were isolated from preg- First, strand- and allele-specific RT-PCR was per-
formed on late (4.0 dpc) blastocysts isolated from hybridnant mutant females at 9.5 dpc and genotyped by PCR.
As shown for one representative litter of nine embryos crosses between mutant musculus females and wild-
Parent-of-Origin Effects at Tsix
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almost all showed sparse trophoblast outgrowth (hence,
the smaller numbers of mutant trophoblasts in Figure
5C). This observation supported a specific defect in tro-
phoblast differentiation and proliferation.
FISH analysis revealed that biparental Xist expression
in mutant female trophoblasts did indeed reflect high
level biallelic Xist expression (Figures 5A and 5C). Impor-
tantly, the presence of two Xist clouds in mutant cells
was not due to tetraploidy, as cohybridization with the
X-linked marker, Zfx, showed only two X chromosomes
in these cells (Figure 5B; tetraploid cells were rare as
indicated in Figure 5C). These results demonstrated that
a maternally inherited Tsix deletion led to Xist derepres-
sion in cis and that derepression occurred despite an
Figure 4. Disruption of Xist Imprinting in XMDXP and XMDY Embryos active paternal Xist copy in the same nucleus.
Strand- and allele-specific RT-PCR showed biallelic expression of Interestingly, however, biallelic Xist expression was
Xist in mutant females and ectopic Xist expression in mutant males. seen in only 60% of female trophoblasts (Figure 5C).
RT-PCR was performed on representative male and female mutant In mutant male embryos, ectopic Xist expression was
blastocysts derived from a cross between mutant musculus females
observed in only 50% of trophoblasts (Figures 5A and(Dmus) and wild-type castaneus males (cas). Mutant and wild-type
5C). The remaining mutant trophoblasts exhibited ap-embryos from this cross were distinguished by Neo PCR and the
parently normal Xist expression. These findings sug-sex of embryos were determined by Zfy1 PCR (data not shown). The
wild-type cross, musculus 3 castaneus (mus 3 cas), was analyzed in gested that proper dosage compensation could occur
parallel. in a subset of extraembryonic cells, either because they
could override the effect of TsixDCpG or because they
were not subject to imprinting. The inabsolute nature oftype castaneus males (Figure 4). Wild-type crosses be-
imprinted X inactivation may explain why a small fractiontween musculus and castaneus were performed in paral-
of mutant embryos survived to term (see Discussion).lel (Figure 4). While wild-type embryos of both sexes
Taken together, these results showed that imprintingshowed maternal Tsix expression (musculus), neither
of Tsix does indeed regulate imprinted Xist expressionmale nor female mutant embryos showed detectable
in early mouse development. Thus, control of Xist ex-Tsix expression, consistent with there being a deletion
pression depends on Tsix in both imprinted and randomof the normally active maternal allele. Importantly, al-
X inactivation. These results also uncovered an impor-though female mutants carried an intact paternal copy
tant mechanistic difference. In mutant ES cultures (Leeof Tsix, no detectable expression of this allele could be
and Lu, 1999) and in the embryo proper (see next sec-observed in 4.0 dpc blastocysts. These results argued
tion), XDY cells maintained the ability to repress Xist,for strict imprinting of Tsix in the preimplantation em-
and XDX cells showed Xist upregulation only from thebryo. When mutant XX embryos were cultured for an
mutant X chromosome. Therefore, while the countingadditional day, a weak paternal band could be detected
mechanism remained intact during random X inactiva-in some by including extra PCR cycles (data not shown).
tion despite the TsixDCpG mutation, the counting mecha-As epiblast cells are set aside during this time, paternal
nism could not override the mutation during imprintedexpression most likely originated from epiblast cells
X inactivation.where the imprint is normally erased (see Discussion).
Analysis of Xist expression revealed intriguing results.
While wild-type female embryos showed exclusive pa- Effects on Random X Inactivation in Surviving XDY
and XDX Miceternal Xist expression (Figure 4), mutant female embryos
exhibited biparental expression. Furthermore, while wild- To examine the effects of TsixDCpG on epiblast-derived
tissues that are not ordinarily subject to imprinted Xtype male embryos did not express Xist, mutant male
embryos showed ectopic Xist expression of maternal inactivation, primary fibroblasts were isolated from au-
ricular skin of surviving XMXPD (n 5 5), XMDXP (n 5 2),origin. These results indicated that a Tsix deletion led
to derepression in cis of the normally silent maternal and XMDY (n 5 3) mice and subjected to two tests of X
inactivation. First, analysis at the single-cell level wasXist allele.
The RT-PCR results from mutant female blastocysts carried out by RNA/DNA FISH using strand-specific
probes to detect Xist RNA and a DCpG probe that specif-did not determine whether biparental Xist expression was
due to biallelic transcription in each cell or to random- ically marks the wild-type X chromosome (Figure 6A).
In mutant male fibroblasts (XMDY), Xist was not expressed.ized monoallelic transcription across the population. To
do so, blastocysts from wild-type (musculus 3 musculus) In mutant female fibroblasts, Xist was expressed from
a single X chromosome and was highly skewed towardand mutant (mutant x musculus) crosses were adhered
onto glass slides and trophoblasts were grown out in the mutant X. This pattern was independent of parent-
of-origin, as results were similar in XMXPD and XMDXPsingle-cell layers for RNA/DNA FISH analysis. We con-
sistently observed that, whereas wild-type blastocysts fibroblasts. These findings agreed with those in epiblast-
derived ES cells in which X inactivation was inhibited inalmost always attached and grew abundant tropho-
blasts after two days (Figure 5A), many blastocysts from mutant males and X inactivation was highly biased in
mutant females (Lee and Lu, 1999).mutant crosses never attached, and perished within one
day. Of mutant blastocysts that eventually attached, Analysis of G418 drug sensitivity provided further evi-
Cell
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Figure 5. Ectopic X Inactivation in XMDY and XMDXP Embryos
(A) RNA/DNA FISH analysis of Xist RNA (red) patterns and Zfx DNA (green) in mutant and wild-type trophoblast outgrowths. The Zfx signals
are shown in the magnified view in panel (B) and not shown here because they were difficult to capture in one focal plane across the field.
Wild-type blastocysts (XX, XY) were derived from wild-type musculus crosses, while mutant blastocysts (XMDXP, XMDY) were from XXD 3
musculus crosses. All blastocysts were harvested at 3.5 dpc and cultured for 2–3 days until trophoblasts grew out. Troph, trophoblasts. ICM,
inner cell mass. Where necessary, embryo genotypes were determined by Zfx hybridization (sex, ploidy; panel [B]) or Neo (Tsix allele) and
Zfy1 (sex) PCR of the ICM.
(B) Magnified view of Xist RNA (red) and Zfx DNA (green) FISH analysis.
(C) Summary of Xist expression patterns in mutant and wild-type trophoblasts.
dence of skewed X inactivation (Figure 6B). As a Neo- cultures were most typical). Thus, in somatic cells de-
rived from surviving mutant pups, TsixDCpG also biasedresistance cassette marked the Tsix deletion, the extent
of skewing could be inferred from the degree of G418 X chromosome choice during random X inactivation and
the effect was independent of parent-of-origin.toxicity. While XDY fibroblasts grew equally well with or
without drug, XMXPD and XMDXP fibroblasts grew poorly
in G418-containing media when compared to growth in Discussion
drug-free media. There was a 20- to 100-fold difference
in total cell number between 1G418 and 2G418 mutant This work established that Tsix is imprinted and sug-
gested that a disruption of maternal Tsix expressionfemale cultures after 10 days, implying preferential inac-
tivation of the mutant X chromosome. Interestingly, leads to loss of imprinted Xist expression during early
mouse development. Paternal inheritance of the TsixDCpGhowever, both FISH and the drug sensitivity test showed
that the bias on X chromosome choice was not absolute. allele had no deleterious consequence presumably be-
cause Tsix is not normally expressed from the paternalIndeed, the wild-type X could be inactivated in a small
subset of cells, an observation most dramatically illus- copy. Maternal inheritance led to loss of Tsix expression
and derepression of the normally silent maternal Xisttrated in the XMXPD (2) culture (Figures 6A and 6B; note,
however, that the results of the XMXPD (1) and XMDXP allele. The parent-of-origin effect was equally detrimen-
Parent-of-Origin Effects at Tsix
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Figure 6. Effects of TsixDCpG on X Inactivation in Epiblast-Derived Cells
(A) RNA-DNA FISH demonstrated that X inactivation was highly skewed in female fibroblasts regardless of parent-of-origin. Xist RNA, Texas
red-labeled (red); DCpG DNA sequence, fluorescein-labeled (green). n, sample size.
(B) G418-sensitivity of mutant female cells was independent of parent-of-origin. Primary fibroblasts derived from mutant and wild-type cells
were grown in drug-free media until they were dividing healthily, then split evenly between plates with or without 0.5 mg/ml G418, and live
cells (Trypan blue negative) were counted and photographed after 10 days.
tal to male and female embryos, as the loss of Xist after a long delay, implying that a counting mechanism
becomes operative in a sublineage so that embryosimprinting resulted in ectopic inactivation of the only X
chromosome in the early male embryo and in inactiva- surviving long enough acquire the ability in some cells
to count X chromosomes and undergo proper dosagetion of both X chromosomes in the early female embryo.
The data suggested that their postimplantation death compensation. Presumably, the counting mechanism
can operate in this subset of cells only after the imprint iswas caused by impaired trophoblast differentiation and
a lack of placental development. erased during the late blastocyst stage. Our work supports
this idea. When XMDXP blastocysts were cultured for anOur results support the hypothesis advanced by nu-
clear transplantation studies that imprinted X inactiva- additional day, weak paternal Tsix expression could be
observed (data not shown), consistent with erasure oftion is insensitive to X chromosome counting and re-
sponds primarily to parental preprogramming (Kay et Tsix imprinting in a small subset of cells of presumptive
epiblast origin. The erasure of imprinting in the epiblastal., 1994; Latham, 1996). Classic studies showed that,
without regard to X chromosome number, androgenetic lineage enabled somatic cells of surviving XMDXP and
XMDY embryos to achieve X inactivation appropriate forembryos inactivate all paternally inherited Xs and gyno-
genetic embryos protect all maternally inherited Xs from their X chromosome constitution (Figure 6).
Given that X inactivation is imprinted in the early em-inactivation. These findings suggested the existence of
a maternally expressed protective factor which is capa- bryo, a somewhat unexpected finding is that any XMDXP
and XMDY embryo can survive beyond the blastocystble of distinguishing between maternal and paternal
contributions in the biparental genome. Based on the stage. This observation is strikingly similar to those
made in XO mice (Hunt, 1991; Thornhill and Burgoyne,outcome of our work, we propose that Tsix is that mater-
nal factor. Deleting Tsix on the maternal X chromosome 1993; Solter and Wei, 1997; Jamieson et al., 1998). XO
animals can inherit the X chromosome either from theswitched the maternal Xist epigenotype to a paternal
epigenotype so that the XMDXP embryo became pheno- mother or father, but paternal inheritance is associated
with frequent but not absolute fetal loss. Indeed, liketypically similar to the XPXP embryo.
Prior work revealed that some cells of the XMXM em- the Tsix mutants, XPO embryos have poor trophoblast
differentiation and are developmentally delayed afterbryo can eventually induce Xist on one X chromosome
Cell
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Figure 7. A Model for Tsix-Mediated Regula-
tion of Imprinted X Inactivation
Shown are cells of a hypothetical XX female
embryo. See Discussion for details of model.
Imprinting center (IC), yellow box; low level
Xist expression, small red circles; high level
Xist expression, large red circles; Tsix RNA,
green circles; XM, maternal X; XP, paternal X.
implantation, and those who survive to adulthood are mechanism in the epiblast lineage might determine
whether dosage compensation is necessary and then asmaller on average than their normal XX littermates.
These effects have also been attributed to an imprinted choice mechanism might act upon one Tsix allele to
designate the future active X. Our data therefore sug-paternal X. However, the very existence of XPO, XMDXP,
and XMDY individuals must imply that imprinting is not gests that Tsix controls Xist expression during both im-
printed and random X inactivation.absolute in extraembryonic tissues (also proposed by
Solter and Wei, 1997). This idea is supported by original The stage- and lineage-specific activation of a count-
ing mechanism as proposed by the model would explainstudies demonstrating that, on average, only 85%–90%
of extraembryonic cells actually show paternal X inacti- why the Tsix deletion had curiously different conse-
quences in ES cells as reported previously (Lee andvation (Takagi and Sasaki, 1975; West et al., 1977), sug-
gesting that as many as 30% of cells escape imprinting Lu, 1999) and in extraembryonic cells as reported here.
According to the model, extraembryonic cells undergo(if 30% escapes imprinting, 15% would undergo XM inac-
tivation by chance). This could explain the occasional imprinted X inactivation and are insensitive to counting.
Therefore, in the absence of the protective maternalXPO survivor and why a subset of XMDXP and XMDY tropho-
blasts have appropriate Xist expression despite a mater- factor, XMDXP trophoblasts inappropriately inactivate
both X chromosomes, and XMDY trophoblasts inactivatenally inherited Tsix mutation. That is, XPO, XMDXP, and
XMDY embryos could survive if there were, by chance, a their only X chromosome. Since ES cells are derived
from the epiblast lineage where imprinting is erased,slightly greater starting number of unimprinted extra-
embryonic cells. These healthy, rapidly proliferating tro- X inactivation becomes subject to an X chromosome
counting mechanism, so that XDY ES cells do not un-phoblasts would quickly overwhelm in number those
trophoblasts compromised by ectopic X inactivation. dergo X inactivation and XDX ES cells inactivate only
one X chromosome. Thus, ES cells behave similarly asNonetheless, because some lag in placental develop-
ment would be expected due to smaller starting cell the somatic cells of embryos shown in Figure 6.
Our model does not suggest what the maternal andnumbers, surviving mutant embryos would show intra-
uterine growth retardation, postnatal failure to thrive, paternal signals are. However, the hypothesized loca-
tion of the IC within the CpG-rich domain of Tsix isand smaller adult body mass, all of which are features
of XPO, XMDXP, and XMDY mice. consistent with emerging evidence for a regulatory role
of DNA methylation, differentially methylated regionsBased on the effects of the Tsix deletion, this work
argues that an imprinting center (IC) resides in Tsix, most (DMRs), and noncoding RNAs in imprinting (reviewed in
Surani, 1998; Tilghman, 1999). Proposed ICs in otherlikely within the CpG-rich domain of this locus (Figure
7). Because a maternally inherited Tsix mutation resulted imprinted domains all occur within prominent CpG is-
lands which are differentially methylated on the maternalin a switch from a maternal to paternal Xist epigenotype,
we favor the idea that imprinted Xist expression is a and paternal alleles, all of which are associated with
genes for noncoding and antisense RNAs. Since geneticdefault consequence of gamete-specific signaling at
this IC. In this model, Tsix is the target of activating evidence demonstrates that abolishing DNA methylation
results in loss of imprinted gene expression (Li et al.,maternal and repressive paternal signaling. The positive
maternal signal turns on Tsix expression in preimplanta- 1993), differential parent-specific methylation of the IC
during gametogenesis is a plausible mechanism of sig-tion embryos, which in turn blocks Xist induction in cis,
and consequently designates the maternal X chromo- naling at Tsix. The CpG-rich domain of Tsix spans 4 kb
and includes the putative promoter and major transcrip-some as the future active X. The repressive paternal
signal shuts off Tsix, ensures paternal-specific Xist ex- tional start sites. Indeed, this region has been shown to
be a target of differential methylation during X inactiva-pression, and designates the paternal X chromosome
as the future inactive X. We further suggest that erasure tion in ES and somatic cells (Courtier et al., 1995). Intrigu-
ingly, while differential methylation is a plausible mecha-of imprinting in the epiblast lineage involves reprogram-
ming at the IC. Consistent with this, Tsix expression nism of IC regulation for the eutherian form of imprinted
X inactivation, it has been suggested that marsupialswitches from maternal-only to biallelic in the epiblast
(J. T. L., data not shown) (Debrand et al., 1999). As X inactivation does not involve differential methylation
since hypermethylation of 59 CpG islands is not seen inproposed previously (Lee and Lu, 1999), a counting
Parent-of-Origin Effects at Tsix
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Isolation, Culture, and RNA/DNA Processingthe only study of marsupial X-linked genes known to
of Single Blastocystsus (Kaslow and Migeon, 1987). Therefore, if differential
To obtain blastocysts, 8- to 12-week-old female mice were naturallymethylation plays a role in regulating the putative Tsix IC
mated with males and sacrificed at 3.5 dpc. For genotyping (Figure
of the eutherian mammal, it may represent a mechanistic 3A), individual blastocysts were photographed where necessary,
divergence from the marsupial form of imprinted X inac- washed four times in PBS to eliminate maternal tissue contamina-
tion, and the DNA isolated by 1 hr digestion in 100 mM Tris-HCl, 5tivation.
mM EDTA, 0.2% SDS, 20 mM NaCl, 1 mg carrier DNA, 0.1 mg/mlThe conclusions of this study strengthen the connec-
proteinase K at 378C, followed by phenol-chloroform extraction, andtion between the mechanisms of X inactivation and the
isopropanol precipitation. DNA samples were divided into three PCRgeneral phenomenon of genomic imprinting. The two
reactions to determine the presence of genomic DNA (D12mit154),
phenomena are unified by the location of putative ICs the Tsix genotype (Neo), and embryo sex (Zfy1). To exclude maternal
near or within genes for noncoding and antisense RNAs. tissue contamination, a PBS-only sample taken from the fourth wash
(used to wash all embryos of one litter) was processed in parallel.Within the H19/Igf2 imprinted cluster, H19 encodes an
PBS controls uniformly yielded no PCR products, arguing againstuntranslated RNA whose expression is imprinted oppo-
maternal contamination.sitely of Igf2. A differentially methylated CpG-rich region
For expression analysis (Figures 1 and 4), blastocysts were iso-linked to H19 has been shown to act as a chromatin
lated at 3.5 dpc using a similar technique except that they were
insulator by modulating the relative access of H19 and cultured for 6–12 hr in DME supplemented with 15% FCS until the
Igf2 to shared enhancers (Bartolomei et al., 1993; Thor- equivalent time of 4.0 dpc. RNA and DNA were isolated using RNAzol B
with 1 mg carrier RNA as recommended by the manufacturer (Teltest).valdsen et al., 1998; Bell and Felsenfeld, 2000; Hark et
Total nucleic acid was divided into two aliquots: For genotyping,al., 2000). In a transgenic model of Igf2r imprinting, an
one-quarter was used directly for Neo, Zfy1, or D12mit154 PCR. Forintronic CpG island associated with an antisense tran-
expression analysis, three-quarters was treated with 1 unit of RQ1script has been shown to regulate imprinted expression
DNase (Promega) for 30 min at 378C and the remaining RNA was
of the Igf2r transgene (Wutz et al., 1997). Lastly, within used for strand-and allele-specific Tsix, Xist, and Rrm2 RT-PCR. To
the Prader Willi/Angelman Syndrome imprinted cluster, exclude maternal contamination, PBS-wash samples were included
for all expression analyses and invariably yielded no PCR product.antisense transcripts for UBE3A (Rougeulle et al., 1998)
Standard techniques (Abbondanzo et al., 1993) were used to ex-and a differentially methylated region within SNRPN
amine trophoblastic outgrowths from the ICM, except that blasto-(Sutcliffe et al., 1994; Dittrich et al., 1996; Bielinska et
cysts were plated on poly-L-lysine-coated chamber slides at 3.5al., 2000) have been implicated in imprint regulation.
dpc and allowed to attached over 2–3 days in DME supplemented
Therefore, Xist and Tsix belong to an emerging class of with 15% FCS without mouse embryonic fibroblasts. Once tropho-
noncoding and antisense genes whose action is central blasts formed a monolayer away from the ICM, the embryos were
washed with PBS and treated with cytoskeletal buffer (CSK), ex-to large-scale gene silencing.
tracted with 0.5% Triton X-100, and fixed in situ with 4% paraformal-Although the control of imprinting is well correlated
dehyde, and stored in 70% ethanol as previously described (Law-with expression of antisense and noncoding RNAs, the
rence et al., 1989). For subsequent genotyping, coverslips were gentlysignificance of the transcripts themselves has not been
removed from the slides and the ICMs were “picked” using pulled
established. In the case of H19/Igf2 imprinting, the H19 glass pipets under a dissecting microscope. The ICMs were pro-
RNA apparently plays no role (Jones et al., 1998; Schmidt cessed for DNA as described for single blastocysts above and geno-
typed by Neo and Zfy1 PCR.et al., 1999). In the future, it will be important to determine
whether the action of Tsix is mediated exclusively by the
IC DNA element or whether there might also be a role Isolation and Analysis of 9.5 dpc Embryos
To examine postimplantation embryos, 8- to 12-week-old mutantfor transcription and the antisense RNA product. Given
female mice were naturally mated with C57BL/6J males and sacri-emerging evidence that double-stranded RNAs play a
ficed at 9.5 dpc. The embryo proper was dissected away from mater-critical role in posttranscriptional gene silencing (Bass,
nal decidua, fetal placenta, and fetal extraembryonic membranes.
2000), it is appealing to hypothesize that Tsix RNA is Once photographed, the embryo was washed twice in PBS, the
responsible for at least some of the observed effects. DNA isolated as described for blastocysts above, and subjected to
Neo, Zfy1, and D12mit154 PCR genotyping.The widely held view that Xist encodes a functional RNA
makes this hypothesis even more attractive, as the for-
mation of an Xist-Tsix RNA duplex could theoretically PCR
For Tsix and Xist expression analysis of single hybrid blastocysts,regulate Xist RNA’s access to the X chromosome and
RT-PCR was carried out strand- and allele-specifically as follows:its stability. If the cis-limited coating of the future inactive
RNA samples were divided into 1RT and 2RT reactions and strand-X chromosome by Xist RNA is critical to initiation of
specific reverse transcription was carried out with 0.5 pmol primers
silencing (Brown et al., 1992; Clemson et al., 1996), an NS19 (Tsix), NS33 (Xist), and Rrm2C using Superscript II (detailed
antisense RNA mechanism would indeed be a logical in Lee et al., 1999a). RT-PCR was then performed with primer pairs
NS18-NS19 (Tsix, “b” in Figure 2A), NS33-NS60 (Xist, “a” in Figureapproach to its cis-regulation.
2A), and Rrm2A-Rrm2C (Lee and Jaenisch, 1997). Xist and Rrm2
PCR products were detected after 35 cycles (958C, 558C, 728C). An
additional round of 30 cycles was included for Tsix detection. ToExperimental Procedures
distinguish between musculus and castaneus alleles, an MnlI single
nucleotide polymorphism within the NS18-NS19 amplicon at the 59Mouse Strains and Crosses
M. m. musculus (C57BL/6J strain) and M. m. castaneus (CAST/Ei end of Tsix and an ScrFI single nucleotide polymorphism within the
NS33-NS60 amplicon spanning Xist exons 1 and 2 were used (N.strain) were obtained from Jackson Laboratories (Maine, USA). To
generate F1 mutant mice carrying the TsixDCpG allele, male chimeras Stavropoulos et al., submitted ). For Xist and Tsix, final PCR products
were diluted 15-fold in fresh reaction buffer and cycled one morederived from the CG7 cell line (40XDY, M. m. musculus, 129 strain)
(Lee and Lu, 1999) were crossed to C57BL/6J female mice. F2 and round to minimize heteroduplex formation, purified through Qia-
quick columns (Qiagen), digested with restriction enzyme, and elec-F3 mutants were generated by crossing with either wild-type siblings
or C57BL/6J. All progeny was genotyped by Southern blotting as trophoresed in 3% agarose gels. PCR products were blotted and
hybridized to nested probes to confirm specificity.previously described (Lee and Lu, 1999).
Cell
26
For genotyping, DNA from blastocysts were subjected to Neo, XIST RNA paints the inactive X chromosome at interphase: evidence
for a novel RNA involved in nuclear/chromosome structure. J. CellZfy1, and D12mit154 PCR using primer pairs Neo1-Neo2 (Marahrens
et al., 1997), Zfy1.8b-ZNLS.5 (Kay et al., 1993), and MT3000 (http:// Biol. 132, 259–275.
www.jax.org), respectively. When whole blastocysts were used (Fig- Courtier, B., Heard, E., and Avner, P. (1995). Xce haplotypes show
ure 3A), a single round of 35 cycles (958C, 558C, 728C) was sufficient modified methylation in a region of the active X chromosome lying
for detection. When only a small fraction was used (Figures 1 and 39 to Xist. Proc. Natl. Acad. Sci. USA 92, 3531–3535.
4), an additional round of 25 cycles in fresh reaction buffer was
Debrand, E., Chureau, C., Arnaud, D., Avner, P., and Heard, E. (1999).
included for sensitive detection. PCR products were blotted and
Functional analysis of the DXPas34 locus, a 39 regulator of Xist
hybridized to nested probes to confirm specificity.
expression. Mol. Cell. Biol. 19, 8513–8525.
Dittrich, B., Buiting, K., Korn, B., Rickard, S., Buxton, J., Saitoh, S.,FISH
Nicholls, R.D., Poustka, A., Winterpacht, A., Zabel, B., and Hors-RNA/DNA FISH was performed as previously described (Lawrence
themke, B. (1996). Imprint switching on human chromosome 15 mayet al., 1989; Lee et al., 1999a; Lee and Lu, 1999) except where noted.
involve alternative transcripts of the SNRPN gene. Nat. Genet. 14,For simultaneous detection of RNA and DNA, samples were dena-
163–170.tured at 758C for 10 min in 70% formamide/2 3 SSC prior to probe
Goto, Y., and Takagi, N. (2000). Maternally inherited X chromosomeaddition, and hybridization proceeded overnight at 428C. Xist RNA
is not inactivated in mouse blastocysts due to parental imprinting.was detected strand-specifically by Texas red-labeled pooled ribo-
Chromos. Res. 8, 101–109.probes (probes b,c,d as described in Lee and Lu, 1999). Riboprobes
were labeled using Chromatide Texas red-5-UTP (Molecular Probes) Graves, J.A.M. (1996). Mammals that break the rules: genetics of
in standard SP6 and T7 transcription reactions (Promega; Lee and marsupials and monotremes. Annu. Rev. Genet. 30, 233–260.
Lu, 1999). DNA probes for Zfx and DCpG detection were labeled Hark, A.T., Schoenherr, C.J., Katz, D.J., Ingram, R.S., Levorse, J.M.,
with fluorescein-12-dUTP in standard random priming reactions. and Tilghman, S.M. (2000). CTCF mediates methylation-sensitive
The genomic Zfx probe was derived from a 250 kb bacterial artificial enhancer-blocking activity at the H19/Igf2 locus. Nature 405,
chromosome clone. The DCpG probe was used to distinguish wild- 486–489.
type from mutant X and corresponds to the 3.7 kb sequence deleted
Hunt, P.A. (1991). Survival of X0 mouse fetuses: effect of parentalin TsixDCpG (Lee and Lu, 1999).
origin of the X chromosome or uterine environment. Development
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